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Review

A Functional Perspective on the Embryology and
Anatomy of the Cerebral Blood Supply

Khaled Menshawi,* Jay P Mohr, Jose Gutierrez
Department of Neurology, Columbia University Medical Center, New York, NY, USA

The anatomy of the arterial system supplying blood to the brain can influence the develop-
ment of arterial disease such as aneurysms, dolichoectasia and atherosclerosis. As the arteries
supplying blood to the brain develop during embryogenesis, variation in their anatomy may
occur and this variation may influence the development of arterial disease. Angiogenesis,
which occurs mainly by sprouting of parent arteries, is the first stage at which variations can
occur. At day 24 of embryological life, the internal carotid artery is the first artery to form
and it provides all the blood required by the primitive brain. As the occipital region, brain
stem and cerebellum enlarge; the internal carotid supply becomes insufficient, triggering the
development of the posterior circulation. At this stage, the posterior circulation consists of a
primitive mesh of arterial networks that originate from projection of penetrators from the
distal carotid artery and more proximally from carotid-vertebrobasilar anastomoses. These
anastomoses regress when the basilar artery and the vertebral arteries become independent
from the internal carotid artery, but their persistence is not uncommon in adults (e.g., persis-
tent trigeminal artery). Other common remnants of embryological development include fen-
estration or duplication (most commonly of the basilar artery), hypoplasia (typically of the
posterior communicating artery) or agenesis (typically of the anterior communicating artery).
Learning more about the hemodynamic consequence that these variants may have on the
brain territories they supply may help understand better the underlying physiopathology of
cerebral arterial remodeling and stroke in patients with these variants.
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Introduction

A large proportion of strokes worldwide are caused by ath-
erosclerosis affecting the arteries that supply blood to the brain.
'* Traditional vascular risk factors such as hypertension, diabe-
tes, hypercholesterolemia and smoking are associated with ath-
erosclerosis.”® However, geometric patterns of blood flow and
the differential shear stress in the arterial wall are important de-
terminants of the localization of atherosclerosis.”!' The arterial

geometry is the anatomical correlate of arterial remodeling, it-

self a dynamic process driven in part by the needs of the tissue
being perfused.”" This vital link between anatomy and func-
tion is evidenced in the embryological development of the cir-
culatory system as well as in the remodeling changes observed
in the adult life in response to physiological and pathological
Stimuh.14-17

The goal of this review is to describe the embryology of the
arteries supplying blood to the brain, their anatomical variants

and how these variants might relate to clinical outcomes.
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Embriology of the cerebral circulation

The development of the vascular system in the embryo hap-
pens before the heart starts beating."® It consists of 2 main stag-
es: vasculogenesis and angiogenesis.'” Vasculogenesis can be
understood as the process by which hemangioblasts are differ-
entiated into angioblasts and angiogenesis refers to the forma-
tion of new vessels."® The main mechanism of angiogenesis is
sprouting and it is mainly driven by hypoxia/ischemia and re-
lated growth factors from the target tissue."****" As more capil-
laries are formed, the impedance to flow is reduced in larger ar-
teries thus facilitating flow-induced remodeling of the arteries
supplying this area.”” The development of the circulatory sys-
tem supplying blood to the brain begins with the formation of
the 6 pairs of primitive branchial arch arteries at the 1.3 mm
embryonic stage, subsequently undergoing heavy modifications
during development.”**

The internal carotid arteries (ICA) appear during the 3 mm
embryonic stage (24 days) from the combination of the 3rd

3rd branchial arch arteries
+

distal segment of dorsal aorta

3 mm embryplogical stage

JoS

branchial arch arteries and the distal segments of the paired
dorsal aortae (Figure 1). The ventral portion of the 2nd bran-
chial arch disconnects from the dorsal aorta near the origin of
the ICA and becomes the ventral pharyngeal artery. Eventually,
the ventral pharyngeal artery and the ICA fuse proximally to
form the common carotid artery (CCA) and the distal segment
of the ventral pharyngeal artery becomes the external carotid
artery (ECA).** At 4 mm stage (28 days), the ICA branches off
into the anterior and the posterior division. The anterior divi-
sion initially supplies the optic and olfactory regions through
primitive arteries."*** At a later embryological stage, the anterior
division of the ICA will give rise to the anterior cerebral artery
(ACA), the middle cerebral artery (MCA), and the anterior
choroidal artery (AChA), while the posterior division will pro-
duce the (i.e, fetal) posterior cerebral artery (PCA) and the
posterior choroidal artery (PChA)."** Also at this stage the su-
perior cerebellar artery, a branch of the future basilar artery
(BA), is the only blood source to the primitive cerebellum."*
The occipital lobe and brain stem growth is the initial stimu-
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This diagram describes the chronological development of cerebral brain arteries initially with the rise of the internal carotid artery and subsequently with
the development of the posterior circulation. The brain differential growth rate is the pacemaker for the development of the cerebral circulatory system with a cou-

pling of the tissue energy demand and the blood supply.
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In early phases of development (A), the posterior circulation relies almost entirely from blood supply coming from the anterior circulation through carotid-
vertebrobasilar anastomoses. Subsequently, as the posterior fossa structures and the occipital lobe growth, the posterior circulation becomes progressively indepen-
dent from the anterior circulation with obliteration of the anterior-posterior anastomoses from caudal to rostral maintaining in the majority of adult only one connec-
tion between the distal basilar arteries with the carotid artery via the posterior communicating artery (B and C).

lus for the formation of the posterior circulation, first with the
BA and later with the vertebral arteries (VA)." At the 4-5-mm
embryonic stage, the hindbrain (i.e., future posterior fossa) is
supplied by two parallel neural arteries (or channels). These ar-
teries obtain their blood supply from carotid-vertebrobasilar
anastomoses given by the trigeminal artery (TA), the otic artery
(OA), the hypoglossal artery (HA), and the proatlantal artery
(ProA, Figure 2).2*” The BA forms during the 5-8 mm stage
from the consolidation of the neural arteries. The lifespan of the
TA, OA, and the HA is of approximately a week, and when the
posterior communicating artery (PCOMM) develops and con-
nects with the distal BA, the three pre-segmental arteries re-
gress.”®” Unlike the TA, OA, and the HA, the ProA persist until
the VA are fully developed, and in fact, a segment of the ProA
gets incorporated into the V3 segment of the VA and distal por-
tions of occipital artery.**® At 7 to 12 mm stage, the VA forms
from transverse anastomoses between cervical intersegmental
arteries, beginning with the ProA and proceeding downward to
the 6th intersegmental artery, which eventually forms the origin
of adult VA from the subclavian artery.”****

At the 11-12 mm embryological stage (35 days), the develop-
ment of the MCA is first identified as small buds originating
proximal to the ACA on the anterior division of the primitive
ICA.»* Although the MCA is still plexiform and not a true ar-
tery, it is the major blood source for the cerebral hemispheres at
this stage.” At thel6-18 mm stage, the MCA becomes more
prominent, the plexi fuse into a single artery and further
branches pierce the cerebral hemisphere.”* At the embryologi-
cal 18-mm stage, the stem of the ACA gives rise to the olfactory
artery. The ACA then continues growing medially towards the
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contralateral ACA, eventually leading to the formation of the
ACOMM at the 21-24 mm embryological stage."* Distally, the
small arteries dive into the cerebral cortex in a radially-oriented
pattern toward the wall of the developing lateral ventricles form-
ing anastomoses among them.”'

The posterior aspect of the circle of Willis (CoW) is formed
at earlier stages, when the fetal PCA turns into PCOMM, the
adult PCA connects with the BA as branches from the fetal
PCA fuse medially to form the distal end of the BA, and the
PChA incorporates into the adult PCA." Consequently, the full
development of the ACA and the ACOMM mark the final real-
ization of the adult CoW at the 6-7 weeks embryological stage."*

Developmental variants of the cerebral
circulation

As the cerebral vascular tree reaches its typical configuration,
the multiple events that occur during the embryological stage
might lead to a diverse spectrum of vascular anatomical vari-

ants.

Variants affecting all arteries
Fenestrations and duplications

Fenestrations of the cerebral arteries are congenital anomalies
with a reported prevalence ranging from 0.3% to 28.0% de-
pending on the study methods.*”** Fenestration is defined as
the splitting of the arterial lumen into two different channels
that eventually fuse during their course, restoring the primary

136

vessel.** From an anatomic point of view, fenestration should be

reserved for variations with a common origin, after which the
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Posterior cerebral arteries

Superior
cerebellar
arteries

Basilar artery
fenestration

7

Left vertebral

Figure 3. Arterial fenestration can occur in any of the arteries supplying the
brain with blood. Fenestrations are defined as splitting of an arterial segment
into two separate conducts with a common origin and common convergence
prior to a true arterial bifurcation. (A) show an example of a fenestration in the
first segment of the middle cerebral artery with convergence prior to the bifur-
cation into anterior and inferior division. (B) demonstrates the radiological ap-
pearance of a basilar artery fenestration, typically located in the most proximal
part. (C) shows a cross-sectional view of a basilar artery fenestration (H&E,
x 10 magnification) where it can be observed that the endothelium of both
conduits are independent and they are separated by a septum of arterial wall.

artery subsequently splits into two parallel channels that later
rejoin and may or not share an adventitial sheath.’**"” Fenes-
tration should be distinguished from duplication, which is de-
fined as two distinct arteries with separate origins with down-
stream fusion in a distal arterial segment.’*** Duplicated or fe-
nestrated arteries are the second most common variants (after
hypoplastic arteries) and are reportedly more frequent in the

anterior circulation.>®

** The most commonly duplicated or fe-
nestrated artery is the ACOMM (Figure 3), while fenestrations
of the ICA are exceedingly rare.*®*’ Fenestration or duplications
might be due to an incomplete fusion of arteries during devel-
opment, however some authors believe fenestrations can be
also induced by the trans-arterial course of a nerve, a bony
structure or enlarged vasa vasorum along the path of the ar-
tery.>**7*! Except for Digitally Subtracted Angiography
(DSA), fenestrations are best visualized with 3D rotational an-

giography (3DRA).”
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Hypoplastic arteries

Cerebral arteries integrating the adult CoW vary in size. A ra-
tio between certain arteries has been proposed to determine
when an artery is smaller than expected. For example, the size
of the PCOMM is one half of the size of the PCA, which itself
is one half of the BA." The size of the ACOMM is also one half
to two thirds of the ACA size, which itself is one half of the ICA.
When the arteries are smaller than usual, they are considered to
be hypoplastic or sling-like.*** In a large autopsy series of nor-
mal brains, CoW were classified as normal if they had all the
typical arteries integrating in the CoW or deficient if lack of
thereof. A “normal” CoW was found in only 52.3% and the re-
maining CoW had one or more anomalies.”” The most com-
mon anomaly was the presence of at least one hypoplastic ar-
tery with patent lumina (e.g, <1 mm. in external diameter,
27.4%), which typically was either the PCOMM or the
ACOMM. The complete absence of an artery was rarer (up to
2.0 %) and it typically involved the ACOMM.* In a popula-
tion-based sample of community-dwellers without stroke, we
also reported that a complete CoW was the exception.* The
majority of the subjects had at least one hypoplastic artery,
which was typically the PCOMM and the posterior circulation
was the most likely to have hypoplastic arteries. The difference
in the rates noted between direct visualization in autopsy or
DSA cases versus brain MRA can be partially attributed to low-
er accuracy of MRA techniques in distinguishing between a hy-
poplastic or absent artery.*

Specific arterial variants

After reviewing the literature and synthesizing the data, we
proposed a classification of cerebral variants into four groups:
a) anomaly of a normally present artery, b) persistence of a nor-
mal embryonic artery, and c) visualization of normally hidden

anastomoses.

Arteries normally present in the adult CoW
Internal carotid artery

The normal ICA can be divided into multiple segments
based on its course. The first segment (i.e., cervical) begins at
the CCA bifurcation and ends at entrance into the skull base via
the carotid foramen. The second segment (i.e., ascending pe-
trous) extends to the apex of the antero-medial curvature within
petrous bone and ends with the origin of the carotico-tympanic
artery. The third segment (ie., horizontal petrous) ends at the
skull base in the foramen lacerum. The fourth segment (i.e, as-
cending cavernous) enters the cavernous sinus and ends with
the takeoff of the meningo-hypophyseal trunk where the ICA

assumes an anterior-inferior course. The fifth segment (i.e.,
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horizontal cavernous) extends from the meningo-hypophyseal
trunk to the infero-lateral trunk within the cavernous sinus. The
sixth segment (i.e, clinoidal) is bordered proximally by the in-
fero-lateral trunk and distally by the adult OA. The seventh seg-
ment lies between the primitive OA and the ACA.***

An aberrant ICA pathway occurs when the ICA deviates
from its anatomical landmarks. The most commonly reported
aberrant ICA involves the middle ear.* In this variant, the ICA
enters the floor of middle ear and then turns forward passing
through the middle ear subsequently emerging through the fo-
ramen lacerum. Although termed aberrant ICA, the basic pa-
thology in this condition is believed to be hypoplasia or agene-
sis of the ICA due to persistent collaterals, which substitutes the
cervical and vertical petrous portions of the ICA through
branches of the ECA.* An aberrant ICA pathway might be ac-
companied by a persistent stapedial artery. The persistent sta-
pedial artery is a temporary embryonic artery that typically re-
gresses by the third fetal month. The reported prevalence of a
persistent stapedial artery is 0.5%."*° The persistent stapedial
artery supplies the middle meningeal artery territory, leading to
the absence of the foramen spinosum. Absence of the foramen
spinosum is seen in up to 3% of skull-base CT studies, and it is
an indirect sign of a persistent stapedial artery, but it can also be
related to an ophthalmic origin of the middle meningeal ar-
tery’"** A true ICA agenesis, aplasia, or hypoplasia is reported

53,54

in 0.01% of the population.

Azygous
anterior cerebral artery

Middle cerebral

% arteries

Internal
carotid
arteries
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Middle cerebral artery

The most typical MCA variants include an accessory MCA
or a duplicated MCA. Both are rare variants (Figure 3). The
prevalence of an accessory MCA in DSA is of about 0.3% while
the incidence of duplicated MCA is between 0.7%-2.9% in au-
topsy and 0.2%-1.5% using DSA.***° By definition, a duplicated
MCA arises independently from the ICA, whereas an accessory
MCA arises from the ACA. Other authors have also suggested
that any artery running parallel and regardless of its origin that
contributes to supply the typical MCA territory can also be
called an accessory MCA.*%

Anterior cerebral artery/anterior communicating artery

The Al segment of the ACA is among the most frequent sites
of anatomic variation in the CoW and it usually involves chang-
es in the ACOMM. Some examples include duplication, azy-
gous ACA, or accessory ACA.** An azygous ACA (i, fused A2
segments), found in up to 2% of the population, consists in a
single midline artery that arises from the confluence of both Al
segments and an absent ACOMM (Figure 4).* It supplies the
medial aspects of both frontal and parietal lobes. Contrary to an
azygous ACA, a bihemispheric ACA is ascertained when both
A2 segments exist, but one segment is dominant and supplies
most vessels to both hemispheres while the other segment is
hypoplastic or terminates early in its course toward the genu of
the corpus callosum.”*? Occasionally, a small, medial ACA
arises from the ACOMM (i.e, a third A2 segment). This vessel

Azygous
anterior cerebral artery

An Azygous anterior cerebral artery is characterized by the fusion of the distal segments of the anterior cerebral artery that later bifurcates to supply the
medial aspects of both hemispheres (A). In cross-sectional view of time of flight MRA, a single, typically large anterior cerebral artery can be observed (B).
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persists normally in many vertebrates, but in humans it is con-
sidered anomalous and only rarely found in adults (2.5%)."*%
Variants of the ACOMM are common variants in the CoW
with a duplication prevalence of 18% and fenestrations in up to
21%.% The ACOMM may not appear in angiography, but we
cannot be sure about its real absence. Definitive absence of the

ACOMM has been found in 5% of surgical dissections."**

Basilar artery

One of the most common embryological variants of the BA is its
fenestration, also known as segmental duplication (Figure 3B, C).
In the literature, the prevalence of BA fenestrations ranges from
3.9% in autopsy reports to 1.1% in angiographic reports.**” The
fenestration usually occurs more proximal than distal, closer to
the vertebrobasilar junction.” The morphological similarities
between embryonic and postnatal specimens of BA fenestra-
tions suggest that fenestrations are inborn variants and only rare-

ly undergo further modifications in the adult.”®

Vertebral artery

In a large surgical series, variants involving the origin of the
VA were not uncommon.***® The VA normally arises from the
upper, posterior surface of subclavian artery 0.5 to 2.0 cm medi-
al to thyrocervical trunk. Some of the variants of VA origin in-
clude a common trunk with the thyrocervical trunk (3.0%), an
aortic origin of the left VA (2.5%, arising between the left CCA
and the left subclavian artery), a right VA arising at the site of
bifurcation of the innominate artery into right subclavian and
right CCA (1.1%.), and a right VA as a direct branch of the right
CCA (0.3%). The segment between the VA origin and the site
of entrance to the foramina of the transverse processes is called
the V1 segment. In the majority of the cases, the V1 segment
ends at the 6th vertebra (87.5%), but occasionally it ends at the
Sth (6.6%), the 7th (5.4%) or less frequently the 4th vertebra
(1.3%). Other VA variants such as dual (i.e., accessory) VA are
rare (0.7%).

Posterior cerebral artery

A fetal origin of the PCA is the most frequent variant involv-
ing this artery. It has been reported in between 13%-15% of the
population, and it is typically described in only one PCA, but it
can also occur in both PCA in up to 0.5% of the population.**
More commonly (in up to 10% of the cases), the P1 segment is
hypoplastic, which renders a fetal-like circulation to the occipital
lobes, although it is not technically a fetal PCA given the physi-
cal link of the PCOMM with the BA.*”* Duplications of the
PCA (in either the P1 or P2 segments) are extremely rare (1.0

% ) 6167
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Posterior communicating artery

A hypoplastic PCOMM is overall the most common arterial
variant reported in the brain.*** Duplication of the PCOMM
artery is a rare event with a prevalence of 1.8% in surgical dis-
section series, and absence of the PCOMM artery is even rarer
(< 1.5%).” Technically speaking, a fetal PCA by definition is
always accompanied by agenesis of the ipsilateral PCOMM, but
in fact it is the P1 segment of the PCA that failed to form.

Persistence of normal embryonic arteries: carotid—
vertebrobasilar anastomoses

What causes embryonic arteries to persist in supplying the
brain with blood is not entirely clear. In some instances, for ex-
ample in the case of a persistent TA (see below), it has been
noted that there is a delay in the PCOMM development, which
would lead to an incomplete support to the distal BA and with
it, to a persistent need for these inferior anastomoses to main-
tain the flow.” Additional arguments in favor of the hypothesis
that persistent embryonic arteries exist to make up for the lack
appropriate flow from arteries normally present can be found in
reports describing the presence of hypoplastic PCOMMs or a

hypoplastic ICA with some of these variants.®”’

Trigeminal artery

Persistent TA is the most common of the persistent carotid-
vertebrobasilar anastomoses, with a reported prevalence of
about 0.2% (0.1%-0.6%, Figure SA).**”*” Instances of persis-
tent TA can be classified in three ways. In type 1 persistent TA,
the TA joins the BA between the superior cerebellar artery
(SCA) and the anterior inferior cerebellar artery (AICA), the
caudal segment of the BA can be hypoplastic and it might show
poor filling in angiogram. In type 2 persistent TA, the TA joins
the BA above the origin of the SCA and it supplies most of the
flow to the SCA. This type is usually accompanied by normal
PCOMM supplying most of the PCA flow. The type 3 persis-
tent TA can have an insertion above or below the SCA supply-
ing the SCA and the contralateral PCA while the PCOMM
supplies the ipsilateral PCA. In all instances, the VA are usually
present and they supply the more inferior aspects of the cerebel-
lum and the lower brain stem.”” More rarely, the trigeminal sys-
tem arising from the ICA supplies the cerebellar arteries direct-
ly, bypassing the BA.” This so called “persistent TA variant” is
found in up to 0.2% of angiographic series and it is typically
unilateral, although in even rarer instances, it can be found bilat-
erally (0.0012%).*™* A further subdivision of type 3 persistent
TA has been suggested to incorporate the persistent TA variant
and name it according to the cerebellar artery arising from the
ICA. Persistent TA type 3a, 3b, and 3c are named if the TA sup-
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The most common persistent embryonic carotid-vertebrobasilar anastomosis is the trigeminal artery (A). A persistent trigeminal artery consists of a con-
nection between the intracranial internal carotid artery and the basilar artery, usually in the basilar midsegment or distally near the origin of the superior cerebellar
arteries. A rarer variant is the persistence of the hypoglossal artery (B), which is distinguished from a persistent proatlantal artery because it enters the skull via the

hypoglossal canal rather than the foramen magnum.

plies directly the SCA, AICA, or PICA, respectively, the majori-
ty being Type 3b.”>”

Hypoglossal artery

The prevalence of a persistent HA is 8 to 10 times less than
the persistent TA with a reported prevalence of 0.02% to 0.10%
(Figure SA).”® 1t arises from the cervical ICA at the C1 to C3
level and connects to the BA via the hypoglossal canal (ie., the
anterior condyloid foramen). The HA can be associated with
absence of one or both VA, and occasionally of one or two
PCOMM. The persistent HA is not identical to its primitive
precursor in the embryo. Interestingly, the pathway of the em-
bryonic HA is different from the pathways of the adult persis-
tent HA. The embryonic HA passes medial and anterior to the

root of the hypoglossal nerve, while its adult counterpart runs
posterior and lateral to it. This suggests that the cranial part of
the adult HA was later formed through anastomotic channels
with the basal artery. There have been cases where the HA sup-
plies the PICA artery directly, in which case it is called a “persis-
tent HA variant”. >

Proatlantal artery

When the ProA persists, one or both VA are typically hypo-
plastic.”” A persistent ProA can be classified into two types de-
pending on the parent artery. Type 1 arises from the ICA and
type 2 arises from the ECA, both entering the skull via the fora-
men magnum.”® The type 1 joint the V4 segment, while type 2
persistent ProA joins the V3 segment.”*””” Although persistent
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HAs and persistent ProAs appear similar, there are distinguish-
ing characteristics that can be used to differentiate these two
variants. For example, the ProA typically has a suboccipital hor-
izontal pathway that corresponds to the V3 segment of a nor-
mal VA while the HA is more vertically oriented. Furthermore,
the ProA enters the skull through the foramen magnum, where-
as the HA enters the skull through the hypoglossal canal.”” Fi-
nally, a higher origin is expected for HA arising from the ICA at
the level of the C1 vertebra or C1-C2 interspace, while the ori-
gin of ProA is typically at the C2 or C3 vertebra.*

Otic artery

Persistence of the otic artery is one of the rarest variants of
the carotid-vertebrobasilar anastomoses, and it is usually de-
scribed as arising from the petrous ICA, then passing through
the internal auditory canal to later join the BA.*® There has been
one case of an OA giving rise to the PICA.*'

Visualization of normally hidden anastomoses

During embryogenesis, multiple connections occur between
the ICA, the ECA and the posterior circulation. These anasto-
moses are not usually seen in conventional angiographic studies
due to hemodynamic balance between the involved systems,
but they can become visible in the setting of increased intracra-
nial pressure or hemodynamically significant arterial stenoses.*”

‘We present here some of the more common anastomoses:

ECA to ophthalmic artery (OphA)

The three main collaterals route between the OphA (itself a
branch of the ICA) and the ECA system are the dorsal nasal ar-
tery (a branch of the facial artery), the supraorbital artery (a
branch of the superficial temporal artery) and the internal max-
illary artery (through proximal and distal branches).*** The
choroidal blush after an ICA injection can be considered an in-
dication of a dominant ICA supply to the eye. Consequently,
the lack of choroidal blush with an ICA injection should
prompt the investigation of a choroidal blush after an ECA in-
jection, thus supporting an atypical collateral supply to the eye.
Occasionally, agenesis of the ICA may be accompanied by the
persistence of primitive arteries supplying the eye (i.e., persis-

tence of the stapedial artery).”

ECA to cavernous-petrous region of the ICA

The two main arteries involved in this anastomotic connec-
tions include the ascending pharyngeal artery and the internal
maxillary artery (through its proximal and distal portions).*
The ascending pharyngeal artery arises from the proximal ECA
or occasionally, from the proximal segment of the occipital ar-
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tery. The ascending pharyngeal artery gives off the pharyngeal
and the neuromeningeal trunks, which have anastomoses with
the ICA through the infero-lateral trunk (via the superior pha-
ryngeal artery) and with the caroticotympanic artery (via the
inferior tympanic artery).” Visualization of any of these collat-
eral channels may imply a functional impairment in the ICA,
either due to a decreased diameter or to acquired pathology

such as stenosis or dissection.

ECA to the posterior circulation

The most commonly cited anastomosis between the ECA
and posterior circulation is the occipital artery, itself a remnant
of the ProA.>*”” Persistence of the ProA is rare, but the occipital
artery retains its anastomotic connection between the ECA and
the vertebrobasilar system via the posterior anastomotic radicu-
lar branches of the horizontal segment of the occipital artery.*
Other anastomotic routes include the posterior descending
branch of the HA (a branch of the neuromeningeal trunk of the
ascending pharyngeal artery), which supplies the upper cervical
vertebral segments and anastomoses with the V3 segment of
the VA at the C2-C3 segment and the musculospinal artery,
which anastomoses with the VA at the C2-C3 segment and
with the ascending and deep cervical arteries.” The ascending
cervical artery typically arises from the thyrocervical trunk (a
branch of the subclavian artery) or directly from the subclavian
artery while the deep cervical artery arises from costocervical
trunk.***’ In this context, the musculospinal artery may offer an
anastomotic route between extracervical arteries and the poste-
rior circulation in case of disease of the extracranial VA such as

atherosclerosis or dissection.

Risk associated with variants in the
cerebral circulation

Although many cerebral arterial variants may be asymptom-
atic, their recognition is important in patients with cerebrovas-
cular disease and in those who undergo brain imaging for other
purposes, as some of these variants might be pathological or

turn pathological in a surgical setting.

Arterial geometry and atherosclerosis

There is a substantial interest in the “geometric risk” for ath-
erosclerosis.”*** It is well-accepted that atherosclerotic plaques
occur in areas of low or uneven (i.e., oscillatory) wall shear
stress. The outer wall of arterial bifurcations (opposite to the
flow divider), especially in the presence of obtuse bifurcating
angles, is an example of an arterial region consider favorable to

the development of atherosclerosis.'"*”” The blood flow be-
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comes stagnant in some areas of the arterial bifurcation and
stagnation makes this region a preferred site for atheroma for-
mation and may predispose to platelet aggregation and throm-
bus formation. The degree of blood flow stagnation of flow is
influenced more by the ratio between the flows of the parent-
to-daughter arteries than by the diameter ratio between the
two.”" A reduction in parent-to-daughter arterial diameter ratio
within a fixed parent-to-daughter flow ratio of 0.50 to 0.69,
however, may lead to a dramatic increment in turbulence, as ev-
idenced by a three-fold plus increment in the Reynold num-
bers, and thus increasing the oscillatory wall shear stress.”
Based on this, dramatic differences in the caliber of branching
arteries, presumably acquired during embryogenesis of the
brain, could be considered a predisposing anatomy for the de-
velopment of atherosclerosis.

As discussed above, the primary goal of the developing cere-
bral arterial system in the embryo is to supply blood to support
the rapid and asynchronic brain growth. As long as the flow is
delivered, there should not be a deleterious immediate conse-
quence to the brain or the vessel. This statement is supported
by the fact that adult individuals who have persistence of fetal
arterial configurations in the brains are typically asymptomatic.
In the long term, however, individuals with arterial configura-
tions consisting of decreased collaterals routes (e.g., lack of
PCOMM or ACOMM) or coexistence of branching arteries
with discrepant diameters (i.e., wide diameter ratios), may be at
a higher risk of developing atherosclerosis in areas with chronic

low or oscillating blood flow.

Carotid bulb bifurcation and atherosclerosis

In the carotid bifurcation, intima thickening and atheromas
rarely occur in the flow divider but are more common in the
outer wall of the bifurcation, where low or oscillating wall shear
stress is found.” It is less well-established whether the geometry
of the bifurcation per se is enough to lead to atherosclerosis. For
example, among young individuals (24 + 4 years), the inter-in-
dividual variability in the CCA/ICA ratio is lower than among
older individuals (63 + 10 years), suggesting that with aging,
the geometry of the carotid bifurcation remodels into more
heterogeneous configurations.*® This given geometry is influ-
enced by demographic variables such as sex and ethnicity, but
also by traditional vascular risk factors.”*** The interplay be-
tween a given geometry and vascular risk factors may explain
the broader spectrum of disease among older individuals.
Nonetheless, considering upfront the ongoing carotid bifurca-
tion remodeling in the in the setting of early atherosclerotic dis-
ease, the role that the arterial geometry appears to play a lesser
role in the development of carotid atherosclerosis compared
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with traditional vascular risk factors or aging.’

Intracranial arterial geometry and atherosclerosis

In intracerebral arteries, the larger the interadventitial arterial
diameter is, the greater the degree of stenosis noted. After ad-
justment for artery type (e.g,, ICA vs. MCA vs. BA) and artery
location (proximal vs. distal segments of the same artery), how-
ever, the strength of association between arterial size and steno-
sis decreases.” This finding suggests that the individual intra-
cranial arterial anatomy may play a role in the development of
atherosclerosis independent of arterial size. For example, the
degree of intima thickening between the more proximal and
distal segment of an artery are relatively similar in the early
phases of atherosclerosis, but as the stenosis progresses, the
proximal segment of the artery (i.e.,, immediately preceded by a
bifurcation) exhibits greater degrees of stenosis.” In the verte-
bro-basilar junction, an obtuse confluence angle may predis-
pose to the development of plaques in the apex of the junction
(ie., the inverse flow divider).*” It could be argued that the actu-
al geometry of the cerebral arteries changes with advancing ath-
erosclerosis as it is reported in the carotid or coronary arteries, a
fact that would make more difficult to disentangle the effects of
arterial remodeling in explaining the observed association be-
tween geometry and intracranial atherosclerosis. Nonetheless,
recent evidence suggests that cerebral arteries may not undergo
significant outward remodeling in the setting of arterial, thus
making more plausible a geometric risk for atherosclerosis in
the cerebral arteries.”

Whether the posterior circulation has a higher risk of devel-
oping atherosclerosis is unknown. The MCA is typically over-
represented in samples studying symptomatic intracranial large
artery atherosclerosis, perhaps due to the likelihood of symp-
toms upon plaque rupture or erosion in this location.”®'® In a
large sample of cerebral arteries with predominance of asymp-
tomatic patients, there is less evidence that the MCA is prefer-
entially involved. In the Brain Arterial Remodeling Study
(BARS) series, the proximal segment of the supraclinoid ICA
and the proximal segments of the VA-V4 segment showed the
greatest degree of stenosis.” Determining whether plaque sus-
ceptibility and vulnerability for rupture varies by anatomical re-
gion may lead to a better understanding of the risk for vascular
events based on an individual’s arterial anatomy. Achieving this
degree of knowledge may advance the effort to develop a per-
sonalized approach to prevent the development of intracranial
atherosclerosis.

The prospective study of arterial remodeling is challenging.
We are not aware of any longitudinal study primary focused on
brain arterial anatomy that has included newborns or children
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and follow them into adulthood or late aging. Despite the ab-
sence of such a study, it can postulated that individuals born
with an arterial geometry favorable for the development of ath-
erosclerosis can more easily, upon the exposure to endothelial
injury induced by traditional vascular risk factors, develop ath-
erosclerosis. It should be noted, however, that the “geometric
risk for atherosclerosis” is not sine qua non. Consequently, ath-
erosclerosis should not be seen as inevitable in individuals who
exhibit these variants. A more aggressive screening and treat-
ment of traditional vascular risk factors may blunt some of the

predisposing effects of an “atherosclerosis-enabling” anatomy.

Arterials variants and stroke

Hypoplastic arteries are probably the most common variants
seen in adults. The significance of these variants and has not yet
fully validated in population-based studies, but autopsy series
have shown that hypoplastic arteries are more commonly found
in patients who have had brain infarcts.”” As described in direct
observation in a large autopsy series, the lumen of hypoplastic
arteries is typically patent.'* In the absence of proximal large ar-
tery stenosis, the communicating arteries seem to affect the fi-
nal flow volume to the brain only minimally.**'** However, in
the setting of large artery occlusion or severe stenosis, the com-
municating arteries become crucial. It is in this setting that the
caliber of the communicating arteries is inversely proportional
to risk of stroke as the smaller these communicating arteries are,
the lesser the capacity to make up for the reduced or lost flow.
Although hypoplastic arteries can be found at birth, there is in-
creasing prevalence of hypoplastic arteries with age and in asso-
ciation with cardiac ischemic disease suggesting that some hy-
poplastic arteries in adults might undergo hypotrophic, inward
remodeling, perhaps in the setting of vascular disease.*”'* The
persistence of carotid-vertebrobasilar anastomoses occasionally
indicates a complete occlusion or agenesis of anterior circula-
tion arteries or the vertebral arteries, which might also compro-
mise the ability of the interconnecting brain arterial anatomy to
provide a backup blood supply if needed.**”

It is less well-established whether other variants mentioned
here increase the risk of vascular disease. However, it seems im-
portant to be aware of the possibility of these variants when as-
sessing an atypical pattern of stroke. For example, a single em-
bolism through an azygous ACA can cause bilateral medial
frontal strokes while extracranial carotid stenosis can cause a
brain stem stroke through a persistent carotid-vertebrobasilar

anastomosis.”*'%

1% A vertebral steal phenomenon may occur
in the setting of extracranial carotid artery stenosis because of
preferential flow from the vertebrobasilar system to the carotid

artery via the ProA.'®
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Arterials variants and aneurysms

Fenestrations and/or duplication of intracranial arteries have
been associated with the development of brain saccular aneu-
rysm.*>'® Some plausible explanations for this presumed obser-
vation are the fact that smooth muscle cells and collagen are de-
creased at the proximal and distal end of the duplicated segment
and that saccular aneurysm not arising from bifurcations tends
to occurs in arterial segments where marked change and oblit-
eration of vessels characterize the course of embryonic develop-
ment such as the ACA or the VA."*'”” Further support for the
notion that fenestrations or duplications are associated with ar-
terial wall weakening come from the finding that among pa-
tients with non-aneurysmatic, unexplained subarachnoid hem-
orrhage, up to 95% of these patients have fenestrations close to
the site of hematoma.*” However, in a larger series of angio-
grams the prevalence of fenestrations associated with saccular
aneurysms was not higher than the prevalence of saccular aneu-
rysms at the bifurcations of the circle of Willis suggesting that
the predilection for aneurysms to form near a fenestration was
similar to that of bifurcations.”” Occasionally, BA fenestrations
might give the false impression of a flow gap in brain MRA and
physicians need to be able to interpret this finding in the proper
clinical context and consider more accurate diagnostic methods
to rule it out.'”

Azygous ACA has been associated with saccular aneurysm in
the same vessel. The hypothesis behind this association is that
the increased flow resulting from the fuse A2 leads to progres-
sive dilatation of the wall.'” Additionally, as the azygous ACA
can also be found in association with agenesis of corpus callo-
sum, holoprosencephaly, and arteriovenous malformation, a
more generalized abnormality of the tissues including the brain

and the arteries supplying it cannot be completely ruled out.

Arterial variants and medico-surgical considerations
Congenital absence of the ICA and hypoplasia of the ICA
needs to be distinguished from acquired stenosis.** While an
acquired stenosis is found in the setting of vascular disease in
older adults or a dissection, hypoplasia of the ICA can be found
in all ages. A hypoplastic ICA in all its trajectory, from the CCA
to the most distal portion of the intracranial ICA, is usually ac-
companied by a larger contralateral ICA. In the setting of ear
surgery, an aberrant ICA can pose a tremendous risk of perfora-
tion or injury if the surgeon is unaware of its existence.''” An ab-
errant ICA can also mimic glomus tumor, dehiscent jugular bulb,
cholesterol granuloma and petrous carotid aneurysm.*>"'*'"> An
incomplete CoW predisposes to cerebral ischemia during tran-
sient closure of the ICA in the setting of carotid manipulations

and the risk increases more than threefold in the case of contra-

http://j-stroke.org 153



JoS

lateral ICA occlusion.'” Extracranial carotid surgery in the pres-
ence of any carotid-vertebrobasilar anastomosis might lead to
brain stem embolization or ischemia.'*

A persistent TA has been associated with aneurysms of the
CoW, carotid and VA agenesis, facial hemangiomas, PCOMM
agenesis, moyamoya disease, and aortic arch vessel anomalies in
up to 25% of the cases.””''* Recognizing the persistent TA is
critical during the now-infrequently performed Wada test to
avoid embolization or infusion of barbiturates into the posterior
fossa. Similarly precautions are advised safely to perform endo-
vascular balloon occlusion tests and open surgical procedures,
such as carotid endarterectomy or ECA ligation.”* Occasionally,
the rupture of a persistent TA-associated aneurysm can lead to
the development of carotid-cavernous fistulas.” Glossopharyn-
geal neuralgia and hypoglossal nerve paralysis may be linked to
apersistent HA.”

Surgeons unaware of VA variations can encounter fatal hem-
orrhage during operations such as thyroidectomy or excision of
a pharyngeal diverticulum where he can accidentally tear the
VA while attempting ligation of the inferior thyroid artery or
may cause destruction of any adjacent important structures
such as the brachial plexus, thoracic duct, CCA, jugular vein.**
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